Purpose : Epstein-Barr virus (EBV) infection is closely associated with nasopharyngeal carcinoma (NPC) and increases the chemotherapy resistance of tumor cells. Although the mechanism by which EBV manipulates ataxia telangiectasia mutation (ATM)-mediated DNA damage response in NPC has been extensively studied, the relationship between ATR (ATM and Rad-3 related) and EBV infection is largely unexplored, and also the role of ATR in chemotherapy resistance in EBV-positive NPC has not been specifically reported. Materials and methods : Levels of γ-H2AX, latent membrane protein 1 (LMP1), and EBV-encoded RNA in clinical NPC and nasopharyngeal inflammation (NPI) specimens were examined using immunohistochemistry and in situ hybridization. The effects of EBV infection, chemotherapy drugs cisplatin (CDDP) and 5-fluorouracil (5-FU) treatment, and ATR silencing were assessed in NPC cells in vitro using immunofluorescence, Western blot, and flow cytometry. Results : A notable increase of γ-H2AX expression was examined in the EBV-positive NPC clinical specimens. Additionally, we observed that the phosphorylation of ATR/checkpoint kinase 1 (CHK1) pathway protein was gradually activated along with the duration of EBV exposure in NPC cell lines, which was obviously inhibited after ATR depletion. Moreover, EBV infection promoted the resistance of NPC cells to CDDP and 5-FU, whereas the chemosensitivity of cells was significantly enhanced following ATR knockdown. Furthermore, ATR depletion caused both S-phase cell arrest and apoptosis, enhanced p53 phosphorylation, and impaired the formation of Rad51. Conclusion: Our data suggest that EBV activation of ATR-mediated DNA damage response might result in chemotherapy resistance to CDDP and 5-FU in NPC. Accordingly, ATR knockdown may serve as an effective treatment strategy for chemotherapy-resistant, EBV-positive NPC.
Introduction
During the lifespan of cells, many internal and external factors (such as virus infection, oxygen free radical, ultraviolet radiation) can destroy the chemical structure of DNA and affect the integrity and stability of cell genome. To ensure genome integrity after DNA damage, the cells usually initiate a checkpoint mechanism to inhibit cell cycle progression, with this response dependent upon two major protein kinases, ataxia telangiectasia-mutated (ATM) and ATR (ATM and Rad-3-related), 1 which function under the action of a positive feedback mechanism that leads to the binding of multiple downstream response molecules to the DNA strand breaks. Through excitation, amplification, and multi-pathway coordination, p53 and the downstream checkpoint kinase (CHK)1/CHK2 are activated, thereby allowing signal transmission to DNA strand breaks. 2 The cell cycle checkpoint regulation is an important mechanism related to host cell response to genomic damage caused by certain viruses, such as the Epstein-Barr virus (EBV). Therefore, the DNA damage response (DDR) can be dysregulated by EBV infection, with EBV-encoded viral proteins. 3 Former studies have shown that EBV infection activates DNA damage checkpoints by promoting the phosphorylation of ATM and CHK2 pathway and the formation of 53BP1 foci. 4, 5 Conversely, an ATM/Chk2-mediated DDR pathway suppresses EBV transformation of primary human B cells. 6 The manipulation of ATM-mediated DDR by EBV has been extensively studied, but much less is known about ATR-mediated DDR by EBV infection.
EBV is an oncogenic herpesvirus causally implicated in nasopharyngeal carcinoma (NPC) and African endemic Burkitt's lymphoma. EBV in the plasma levels of NPC patients was associated with the degree of lymph node metastasis, tumor burden, and poor prognosis. 7, 8 Currently, chemotherapy, together with radiotherapy, is the most common and important clinical treatment of NPC, which is essential for controlling the local recurrence and distant metastasis of tumors. Cisplatin (CDDP) and 5-fluorouracil (5-FU) are the main effective chemotherapeutic drugs with the mechanism of initiation of DNA damage in order to kill tumor cells. 4, 9, 10 However, chemoresistance has become a major obstacle to NPC treatment and represents the main cause of treatment failure. Notably, numerous studies report that DDR is closely correlated with tumor cell chemoresistance. [11] [12] [13] Activation of DDR allows the cells to self-repair and resist external damage by activating downstream cyclins and apoptotic proteins, thereby achieving resistance to chemotherapy. Therefore, DDR inhibition is currently considered the cause of tumor cell sensitivity to chemotherapy by inducing cell death or aging without initiating checkpoints and effective DNA repair. [14] [15] [16] [17] [18] In particular, some studies have investigated antitumor treatment via ATR inhibition combined with chemotherapy drugs. 7, 19 However, the relationship among EBV infection, ATR-mediated DDR pathway, and chemoresistance in NPC remains unknown. After all, how to enhance the initial responses and/or to counter the emergence of resistance in NPC is intense interest.
In the present study, we have evaluated the relationship among EBV infection, ATR-CHK1 activity, and the chemosensitivity of NPC. A key implication of our work is that it provides the clinical rationale that evaluates ATR regulation in combination with CDDP or 5-FU in EBV-positive cells.
Materials and methods

Collection of nPC and nasopharyngeal inflammation (NPI) clinical specimens
In total, we collected 50 paraformaldehyde-fixed paraffinembedded NPC tissues with histopathology reports. The average age of the patients was 48±11 years, with 20 patients with NPI (average age: 44±17 years) selected as controls. All 70 tissue specimens were gathered from 2010 to 2012. The study was carried out under the approval and supervision of the Ethics Committee of Sichuan University (WCSHIRB2011100), and written informed consents were obtained from each patient.
Immunohistochemistry (IHC) and in situ hybridization
EBV latent membrane protein 1 (LMP1) was shown to act as an oncogene and was expressed in NPC. EBV-encoded RNA (EBER) in situ hybridization can be a gold standard for detecting EBV. 20 Combined LMP1 and EBER assay is an economical and specific method to detect EBV infection. Meanwhile, phosphorylation of histone H2AX (γ-H2AX) is a well-characterized marker of DNA breaks and activation of DNA repair. 21 Therefore, we used IHC and in situ hybridization to analyze whether EBV infection is associated with DDR according to γ-H2AX level. The method in detail is as follows. An IHC streptavidin-peroxidase three-step method was used to assess pathological specimens. Slides were incubated with a primary antibody against γ-H2AX (1:100; Santa Cruz Biotechnology, Dallas, TX, USA), which is the histone variant H2AX phosphorylated at Ser139 in the C-terminal region or LMP1 (1:100; Santa Cruz Biotechnology), and detected using the ChemMate EnVision kit (Dako, Carpinteria, CA, USA). Immune reactivity was analyzed and quantified using ImageScope software (Aperio Technology, Vista, CA, USA). For LMP1-negative samples, EBER was detected using in situ hybridization according to the manufacturer's protocol (Pan Path, Amsterdam, The Netherlands).
Cell lines, eBV infection, and chemotherapy
The following cell lines were used in this study: CNE1 (an EBV-negative, low-differentiated NPC cell line) and B95-8 (a marmoset EBV-immortalized B cell line 
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aTR activated by eBV facilitates chemotherapy resistance in nPC penicillin-streptomycin (Thermo Fisher Scientific, Waltham, MA USA). All cells were cultured at 37°C in a humidified incubator with 5% CO 2 .
B95-8 cells were cultured in a P2 laboratory according to a previously reported method. 22 EBV was isolated from B95-8 cells by multigelation and ultrasonication of cells in the late log phase, followed by filtration through a 0.22 µm filter and further purification using PEG6000 (P8250; Solarbio, Beijing, China). The viral titer was calculated at 1.0×10 9 copies/mL using real-time PCR according to the EBV nucleic acid quantitative detection kit (Sansure Biotech, Changsha, China).
EBV infection was performed according to the method reported by Bejarano et al. 23 Briefly, the CNE1 cells were adjusted to 5×10 5 /well in six-well plates and 5×10 CDDP at a concentration of 10 µM or 5-FU at 25 µM (lower than IC 50 ) for 48 hours was used for the following chemotherapy experiments.
Immunofluorescence
CNE1 cells with a cell count of 5×10 5 were inoculated in six-well plate preset with sterilized coverslips. After growing overnight, 100 MOI EBVs were used to infect the cells for 24 hours. Then the coverslips were taken out and the cells on them were fixed with 4% paraformaldehyde for 15 minutes at room temperature, after which the cells were permeabilized with 0.2% Triton X-100 for 5 minutes, followed by 30 minutes of blocking in 4% FBS. The cells were incubated with green fluorescence antibodies against γ-H2AX (1:200; Signalway Antibody, College Park, MD, USA) for 2 hours and then with an Alexa Fluor 594 dye-conjugated secondary antibody (1:500; Thermo Fisher Scientific) for 1 hour before counterstaining of the nuclei with DAPI (1:1,000; SigmaAldrich, St Louis, MO, USA) at room temperature. The slides were covered with fluorescence mounting medium (Dako, Glostrup, Denmark) and photographed under a fluorescence microscope (Olympus, Tokyo, Japan).
Western blot
We incubated the CNE1 cells with 100 MOI EBV for an additional 6, 12, or 24 hours and detected the phosphorylation level of ATR pathway proteins.
Cells were trypsinized, harvested, washed, and lysed in ice-cold buffer (Beyotime, Jiangsu, China). Western blot was performed according to standard procedures. Primary antibodies against ATR (1:1,000; Abcam, Cambridge, UK), phosphorylated (p)-ATR (1:1,000; Abcam), γ-H2AX (1:500; Santa Cruz Biotechnology), p-replication protein A (RPA)32 (1:1,000; Santa Cruz Biotechnology), CHK1 (1:500; Santa Cruz Biotechnology), p-CHK1 (1:500; Santa Cruz Biotechnology), Rad51 (1:10,000; Abcam), and p-p53 (1:1,000; Abcam) were diluted in 5% bovine serum albumin. GAPDH (1:1,000; Santa Cruz Technology) was used as an internal control.
Plasmid transfection
EBV+ CNE1 cells were transfected with an ATR-targeting shRNA plasmid (shATR; sc-29763-SH; Santa Cruz Biotechnology), called ATR interference (ATRi). Negative control (shNC; Santa Cruz Biotechnology) vectors were constructed using scrambled shRNA sequences. Stable transfectants were obtained within 2-3 weeks by treating with puromycin (Thermo Fisher Scientific) at 2 µg/mL. Then, we chose the maintaining concentration of 1 µg/mL puromycin.
Cell proliferation assay
We examined the effect of the chemotherapy drugs CDDP and 5-FU on the viability and proliferation of CNE1 cells using a Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan). Briefly, NPC cells were seeded in 96-well plates at a density of 10 3 cells per well and duplicates of four wells each were set for each time point. After treatment by the indicated materials for 48 hours, CCK-8 was added and the absorbance at 450 nm was measured using a Varioskan The cells were fixed and permeabilized overnight with 70% ethanol precooled at 4°C. The cells were then incubated with RNase A at 37°C for 30 minutes and stained with propidium iodide (PI) at 4°C for 30 minutes (cell cycle detection kit; KeyGEN, Jiangsu, China). Cell cycle status was assayed using a flow cytometer (Beckman Coulter, Brea, CA, USA).
To evaluate apoptosis, an apoptosis detection kit (Key-GEN) was used according to the manufacturer's protocol. Cells were digested with trypsin without EDTA, 500 µL of binding buffer was added to the cell suspension, and Annexinfluorescein isothiocyanate and PI were used for staining. Apoptosis was assayed using a flow cytometer (Beckman Coulter). 
Ethics approval and informed consent
This study was approved by the local Ethics Committee of the West China Hospital of Stomatology, Sichuan University (WCSHIRB2011100) and conducted in accordance with the Declaration of Helsinki. The experiments were performed in accordance with approved guidelines.
Results
eBV increased γ-h2aX expression in nPC specimens
To determine the presence of EBV infection in 50 NPC and 20 NPI specimens, we examined the expression level of EBV LMP1 using IHC. The results indicated positivity rates of 76% in NPC (38/50; Figure 1A and B) and 25% in NPI (5/20; Figure 1C and D). In LMP1-negative samples, we evaluated EBER levels by in situ hybridization, which demonstrated that 10 of the 27 LMP1-negative samples were EBER positive, 9 of which were NPC ( Figure 1E and F) and 1 was NPI. Therefore, EBV positivity was found in 47 of 50 NPC samples, which was significantly higher than the positivity in the NPI group (P<0.05; Figure 1G ). We then determined the levels of γ-H2AX in all NPC and NPI specimens ( Figure 1H-K) . Results showed that 94% (47/50) of the NPC samples displayed γ-H2AX positivity, whereas only 40% (8/20) of the NPI samples were positive, indicating that there were significantly more DDR in NPC than in NPI specimens (P<0.05; Figure 1L ). Additionally, we assessed the relationship between the γ-H2AX level and EBV infection in the NPC specimens. Elevated γ-H2AX levels were observed in 97.9% of EBV-positive NPC biopsies (46/47), whereas this was observed in only one-third of the EBV-negative NPC samples (P<0.05; Table 1 ).
eBV mediated activation of the aTR/ ChK1 pathway in nPC cells Figure 2A shows that the number of γ-H2AX foci in EBVpositive cells was significantly higher than that in EBVnegative cells, indicating that EBV infection resulted in an accumulation of DNA damage in NPC cells. We then incubated the CNE1 cells with EBV for different time periods. As shown in Figure 2B , phosphorylation of ATR, H2AX, CHK1, and RPA32 increased over a short period upon prolonged EBV exposure. By contrast, after ATR underwent stable knockdown, the amounts of p-RPA32 and γ-H2AX detected in EBV+ CNE1 cells decreased obviously. As expected, phosphorylation of the kinase CHK1 and ATR was also attenuated upon ATR depletion ( Figure 2C ). These results indicate that ATR is the key factor involved in EBV-mediated activation of the ATR/CHK1 pathway in NPC cells.
eBV mediated chemoresistance to CDDP or 5-FU, which was reversed by aTRi aTRi induced apoptosis in eBV-positive chemotherapy cells
To determine whether ATR knockdown enhanced the cells' apoptosis in EBV+ chemotherapy group, the cells were stained with Annexin V-fluorescein isothiocyanate and PI, following which flow cytometry (FCM) analysis was performed. As shown in Figure 4 , with CDDP and 5-FU treatment, the apoptosis rate in the ATRi group was significantly enhanced to 22.93% and 22.98% respectively, as compared with that in the control group (5.76% and 6.44%, respectively). These data indicate that ATR knockdown-enhanced sensitivity against CDDP or 5-FU in EBV+ CNE1 cells was through promotion of cell apoptosis.
aTRi resulted in s-phase arrest in eBVpositive chemotherapy cells
We then used FCM to assess whether ATR knockdown altered the cell cycle in EBV+ chemotherapy group. After treatment with CDDP or 5-FU, the ATRi cells displayed a significantly 
580
Zhang et al larger fraction in the S phase (31.07% or 34.71%, respectively) relative to shNC-transfected cells (15.3% or 13.5%, respectively), as shown in Figure 5A . These findings suggest that ATR silencing promoted cell cycle arrest in EBV-infected NPC cells following CDDP or 5-FU treatment ( Figure 5B ).
aTRi enhanced p53 phosphorylation and impaired the formation of Rad51
p53 is a key effector in DDR and can be phosphorylated at Ser15 by ATR, thereby inducing cell cycle arrest and/or apoptosis through transcriptional and non-transcriptional mechanisms. 24 Rad51 is frequently detected in multiple discrete subnuclear structures (nuclear foci), which participate in the DNA repair process and might represent sites of ongoing homologous recombination (HR). 25 To determine the mechanism of the cell cycle arrest and apoptosis, as well DNA repair situation, we investigated p53 and Rad51 levels following ATRi in EBV+ chemotherapy group. Western blot results showed that ATRi decreased Rad51 levels and increased p53 phosphorylation ( Figure 6 ).
Our findings indicate that EBV activated the ATRmediated DDR pathway characterized by enhanced phosphorylation of the pathway proteins RPA32, CHK1, and H2AX. Additionally, EBV combined ATR increased the chemoresistance to CDDP or 5-FU. In EBV+ chemotherapy group, ATR silencing resulted in cell cycle arrest and apoptosis, which might be influenced by increased p53 phosphorylation and impaired Rad51 formation, resulting in apoptosis and ineffective HR repair. These results 
Discussion
EBV infection is generally considered the main cause of NPC, and EBV LMP1 is considered to play an important role in NPC development and progression based on its high detection rate, thereby making it an ideal marker of EBV infection. 26 Moreover, in situ hybridization using singlestranded DNA probes for EBER, a small-molecule RNA that constitutes an EBV-encoded early product, exhibits extremely high specificity and sensitivity in detecting the presence of EBV in paraffin sections. The fact that EBER can be clearly localized renders it as the gold standard for detecting EBV. 20, 27 Therefore, in the present study, we detected EBV using these two methods, with detection rates as high as 94%, which was higher than the detection rate by IHC (76%) and suggested that this protocol could significantly increase the EBV detection rate. Additionally, in the collected NPC specimens, we found that the phosphorylation ratio of H2AX determined using γ-H2AX, a sensitive biomarker for DDR, 21, 28, 29 strongly correlated with the EBV infection rate, which is consistent with previous findings. 4, 30 Despite the limited number of EBV-negative clinical samples, this finding suggests that EBV infection during NPC development promoted DDR. Further experiments in the culture cells revealed similar results, with levels of γ-H2AX in CNE1 cells continuing to increase along with the duration of EBV infection. This was consistent with the results obtained from clinical specimens, as well as with the findings of Hau et al. 31 EBV infection activates ATM signal transduction to stimulate DNA damage checkpoints; 4, 32, 33 however, activation of the ATR replication checkpoint pathway in NPC has not been extensively studied. The present study revealed the effect of EBV infection on the ATR pathway in NPC cells. We found that phosphorylation of ATR, H2AX, RPA32, and CHK1 rapidly increased with prolonged EBV exposure, with a similar effect of EBV exposure detected in B lymphocytes. 34, 35 The ATR-CHK1 pathway primarily mediates DNA replication stress via a biochemically complex process, with γ-H2AX serving as a hallmark event for ATR pathway activation. Typically, RPA is recruited to single-stranded DNA fragments to cope with replication stress, which leads to ATR 
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Zhang et al recruitment and activation 33 and triggers the phosphorylation of downstream molecules, including CHK1. 36 Furthermore, recent evidence 37 suggests that an increase in RPA might function as an EBV-mediated strategy to stabilize replication forks during replication stress. Additionally, phosphorylation of RPA32 represents a reliable marker for ATR activation. 38 Therefore, we verified that EBV infection in NPC cells led to an increase in replication stress and, consequently, RPA32 recruitment to chromatin and ATR and CHK1 activation. However, a recent study showed that EBV activated only ATR and RPA32, but decreased CHK1 expression, whereas inhibiting signal transducer and activator of transcription 3 expression enhanced CHK1 phosphorylation. 39 These discrepancies might be due to signal transducer and activator of transcription 3 levels in EBV-positive NPC cells and lymphoma cells or due to specific types of EBV used. Furthermore, to investigate whether ATR functions as a key protein in the pathway, we performed shRNA-mediated knockdown, which attenuated the levels of its downstream molecules. This was consistent with the findings of Mordasini et al, 34 who used EBV to infect B cells and found that ATR downregulation decreased CHK1 phosphorylation and EBV transformation efficiency, whereas CHK1 downregulation did not affect B-cell transformation.
CDDP and 5-FU are antitumor drugs that induce DNA double-or single-strand breaks, activate the cell cycle checkpoint-signaling network, trigger cell cycle arrest, and cause DNA damage, resulting in apoptosis. 4, 7, 8, 40, 41 However, such DNA damage can be repaired, thereby protecting the genetic and physiological activities of the cells and allowing their survival. 42 Therefore, the DDR (a genomic stability mechanism) provides a theoretical basis for the design and improved efficacy of DNA metabolism drugs. ATR plays an important role in the DDR through a complex network of signaling pathways that regulate cell cycle checkpoints, DNA repair, and cell death. 43, 46 Under conditions where ATR kinase is inhibited, the cells exhibit a high sensitivity to DNA-metabolizing toxicants (eg, chemotherapeutic drugs). 47 Because our experiments demonstrated that ATR functions as a key factor in pathway protein phosphorylation following EBV-induced DNA damage in NPC cells, we determined the effect of ATR on drug resistance in EBV-positive CNE1 cells. Using the CCK-8 assay, we found that EBV infection increased the resistance to CDDP or 5-FU in CNE1 cells, whereas ATRi reversed the sensitivity to chemotherapy in EBV-positive CNE1 cells in a dose-and time-dependent manner.
Given these findings, we used FCM to detect the cell cycle changes, with the results showing that ATRi induced S-phase arrest in the EBV-positive chemotherapy group. A previous report showed that LMP1 can prevent chemotherapy-induced cytotoxicity and S-phase arrest, thereby causing chemotherapy resistance. 44 In our experiments, ATR silencing enhanced the sensitivity of EBV-positive NPC cells to CDDP or 5-FU, possibly due to the relief of the EBV-induced prevention of S-phase arrest. ATR plays an important role in the implementation of S-phase cell cycle checkpoints during normal S-phase progression and in response to DNA damage. Moreover, ATR and p53 are closely associated; p53 can be significantly phosphorylated on Ser15 by ATR, which impairs the ability of MDM2 to bind to p53, promoting p53 accumulation and functional activation in response to DNA damage. 45 Additionally, previous studies revealed that p53 plays an important role in the activity of S-phase DNA damage checkpoints and transcriptionally activates p21, resulting in decreased cyclin A (cyclin-dependent kinase) activity and causing S-phase arrest. 46 Our results showed that p53 phosphorylation was enhanced in ATR-silenced EBV-positive chemotherapy group and was consistent with results reported by Wang et al. 47 Therefore, we consider that S-phase cell cycle arrest might be associated with increased p53 phosphorylation.
DNA repair procedure is a primary cause of chemotherapy drug resistance. 48 Notably, ATR kinase is a key regulator of HR, [49] [50] [51] with ATR-CHK1 reportedly promoting HR by regulating HR factors. 52 ATR-CHK1 enhances the phosphorylation of Rad51, 53 Fanconi anemia complementation group E, 54 and Fanconi anemia complementation group D2 55 to recruit HR proteins to DNA lesions for repair. Since the elevated Rad51 level is associated with radiation and chemotherapy resistance in tumor cells, 56, 57 our results showed ATR silencing increased the sensibility and reduced Rad51 levels in EBV-positive CNE1 cells, which would inhibit the establishment of effective HR repair, then increase the accumulation of DNA damage, and lead to tumor cell death. These findings are in agreement with those ATR inhibition studies. 58, 59 Moreover, p53 can inhibit the HR pathway in a nontranscriptionally dependent manner, mainly through directly binding to Rad51, which inhibits Rad51-mediated strand invasion. 60 Furthermore, the role of p53/Rad51 repair complexes is dependent upon p53 phosphorylation at Ser15. 61 Arias-Lopez et al 62 found that p53 binds to the promoter region of Rad51, thereby downregulating Rad51 mRNA and protein levels and inhibiting the formation of Rad51 foci. Therefore, we consider that Rad51 impairment is not only directly related to the inhibition of ATR expression, but might 
Conclusion
Our results demonstrated that the ATR-CHK1 pathway was rapidly activated by EBV infection, and that ATR is a key factor for the protein phosphorylation of this pathway in NPC cells. Furthermore, EBV could result in poor sensitivity to chemotherapy. In EBV-positive CDDP or 5-FU chemosensitive NPC cells, ATR knockdown could induce apoptosis and cell cycle arrest, which was related to the inhibition of Rad51-mediated DNA repair and the promotion of p53-mediated death. Our results thus revealed a novel role of EBV in the coordination of ATR signaling pathway to chemoresistance.
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